Abstract-Thermoelectric generators (TEGs) are used to recover waste heat of the exhaust gas and convert it into electric energy in automotive applications. The temperature of the waste heat influences the voltage and internal resistor of a TEG. For the electric linking of TEGs to the on-board power supply, a DC-DC converter may be used. The control of the DC-DC converter must be robust against dynamic changes and additionally has to track the maximum power point (MPP) of the TEG. This paper presents a digital cascade controller for a boost-buck converter to charge a vehicle battery and to supply the load. To track the MPP, a hill climbing (HC) algorithm is implemented, which is also used for photovoltaics. The conversion time of the HC is minimized with an adaptive step size. Width variations of electric parameters of TEG influence the dynamic and stability of the controllers. With a closed loop identification, the parameter variation is estimated, and the control parameters can be redesigned. An experimental result show the efficiency of the adaptive control.
I. INTRODUCTION
The growing mobility increases the world-wide fuel consumption. In contrast, the amount of fossil fuel is limited. Additionally, the environmental burden is increasing dramatically. Many governments have enacted laws to regulate and reduce the fuel consumption as well as the CO 2 emission of combustion engines. Conventional combustion engines basically convert chemical energy stored in fossil fuel into mechanical energy. Unfortunately, during that process the main part of the energy (about 50%) is disappearing as heat [1] . A recovery of this wasted thermal energy would create a high potential to save fuel and to reduce the environment burden. This unused exhaust gas wasted heat can be converted into electric power through a thermoelectric generator (TEG) [2] , [3] . A TEG consists of several thermoelectric elements (TEs) with n-and p-type semiconductor materials [4] , [5] . The thermoelectric power can be linked to the on-board power supply via DC-DC converters to charge the vehicle battery and supply the load. Consequently the efficiency of the combustion engine increases, because the alternator is relieved. To support different power classes of TEGs and on-board power supplies, a boost-buck converter is selected, with an input voltage range up to 60 V and a current range to 20 A. The nominal power is 300 W. A boost-buck converter *This project "Thermoelektrische Generatoren 2020" (03X3553E) is supported from German ministry of education and research (BMBF). has a general high efficiency, for a wide range of input power [1] , [6] . Further, the output voltage of the converter is either greater than or less than the input voltage [1] . The converter has different requirements. Firstly, the TEG has to be operated in the maximum power point (MPP). A maximum power point tracking (MPPT) algorithm in general is based on a gradient descent and is used in particular for photovoltaic. This method can be applied to a TEG. An overview of different MPPT techniques, and their advantages and disadvantages, are presented by Esram [7] . Secondly, the power of the TEG is used to charge the battery and to support the power supply of a vehicle. The idea is to ensure a stable charging using a cascade control, which regulates the voltage of a storage capacity between boost and buck converter and charges the battery with a current control, see Fig. 1 [6] . Generally, the design of the control is based on the assumption that the internal resistor of a TEG is nearly constant and only the voltage depends on the temperature of the waste heat. However, the electric conductivity can be very different, depending on the materials. Additionally, the temperature at the TEG affects the internal resistor. An overview of the characteristic parameters of different materials is presented in [5] , [8] . The internal resistor of a TEG limits the maximum current and influences the closed loop dynamic of the inner current loop of the cascade control. With a detailed knowledge of the characteristic of the TEG and especially the materials, it is possible to design control parameters, which are robust against parameter variations. However, the control of the boost-buck converter must be stable for each type of TEG. This paper proposes to use a recursive closed loop identification [9] with an autotuning controller to compensate the dynamic variations of the internal resistor of a TEG. In this context, this paper is organised as follows. The characteristic and model of the converter are analysed in Section 1. Section 2 briefly presents the digital control of the MPPT and the cascade control. In 
II. MODELING OF BOOST-BUCK CONVERTER
The physical principle of a DC-DC converter is based on charging and discharging of capacitors and inductors. The duration of charging and discharging is realised by using electric switching elements, like MOSFETs. As a result, the magnitude of current and voltage can be manipulated. The boost-buck converter has four MOSFETs (see Fig. 2 ), whereas the switches S 1 /S 2 and S 3 /S 4 are synchronised. This means, if the switches S1 /S3 are closed, then S 2 /S 4 are open. The MOSFETs are directly controlled by a PWM signal with a fixed frequency f s = 1/T s . A switched mode converter is a nonlinear circuit, where different structures are periodically changed between on and off state of the MOSFETs. Fig. 3 shows the inductor current i L1 . For duty cycle d 1 = t s1on /T s the switch S 1 is turned on. In this interval the current i teg charges the inductor and the current i L1 increases with the averaged slope i L1on .
For the interval d 1 = t s2on /T s = 1 − d 1 the inductor current flows into the buck converter and the current i L1 decreases with i L1of f . The states i L1on and i L1of f are weighted with duty cycle d 1 and d 1 , thus results in the timeaveraged state:
This widely used approach is termed state-space-averaging (SSA), which are accurate for analyses up to f s /2 [10] , [11] . It is assumed that the boost-buck converter can be separated into a boost converter with a current load i bu and .
The averaged values are substituted by means of a DC and a small AC value [10] . The linearisation yields to the small signal state space model for the converter at the operation point.ẋ where
is the input vector. For simplification the indices of the average values are neglected. Also, all measured signals are filtered with a second-order low pass. The cutoff frequency is 1 kHz. Based on this model, the system can be analysed for the design of the controller
III. BOOST-BUCK CONVERTER CONTROL

A. Maximum Power Point Tracking of Boost Converter
A TEG converts heat directly to electric energy. This effect is based on the Seebeck-Effect:
The Seebeck coefficients α n and α p are corresponding to the specific material of a n-and p-doted semiconductor and ∆T is the temperature difference of the TEG [1] . Hence, changes of the temperature affect the voltage of the TEG, whereas the internal resistance r teg depends primarily on geometry and material [12] . The electric power of a TEG is limited by this internal resistance r teg . Fig. 5 shows the power curves from a TEG, for different temperature differences. It can be obtained, that the power has only one MPP, for each temperature. The MPPT finds automatically the current in which the TEG operates to obtain the maximum power and tracks this point at varying temperatures. One known and proven tracking algorithm is the HC [7] . The HC involves a perturbation of the duty cycle d 1 , which influences the input current from the boost converter. The actual power P (k) is calculated periodically and is compared to the previous power P (k−1). For ∆P > 0 the duty cycle is decreased, and for ∆P < 0 it is increased. The MPP is obtained when ∆P = 0. It should be noticed, that the transfer function of d 1 to i L1 has a negative sign. The algorithm for the HC yields to where µ is the step size of the duty cycle. A disadvantage of the HC is the constant step size. The performance time for a small µ is long but for a large µ the HC can oscillate around the MPP. An adaptive step size algorithm compensates these effects:
The adaptive step size (9) will reduce µ for a large gradient ∆P and vice versa [13] .
B. Cascade Control of Buck Converter
To charge the battery and supply the voltage of the load, a cascade control structure is used. By the control of the capacitor voltage u C2 between boost and buck converter it can be ensured, that fluctuations or changes of the TEG are compensated. The capacity C 2 functions as a buffer. A subsidiary control regulates the current i L2 , which charge the vehicle battery. The advantages of a cascade control are the compensation of the disturbance by the fast current control and the higher settling time of the voltage controller to regulate the steady reference voltage u C2 . A feature of this control structure is, that the reference voltage can be changed. This allows the use of the control structure for different battery voltage levels. [6] From the discretisation of (1) -(6) the transfer function follows
where q −1 is the backward shift operator (q −1 u(k) = u(k − 1)); A ,B i and B u are the characteristic polynomials of fourth order. Fig. 6 shows the closed loop system, where u C2r is the reference voltage of the capacity C 2 and i L2r the desired output current.
The controller is based on a two-degrees-of-freedom digital controller [14] , where the desired characteristic polynomial of the closed loop system is given by
where S and R are filters. The filters can be divided in
R q
where I s is an integrator to compensate the steady state error. H s and H r are pre-specified polynomials to compensate well damped zeros and poles. The result of the Diophantine equation of (12) gives S and R. [14] With this design the current feedback control yields
where H cli is the closed loop transfer function and T i is the DC gain compensation to receive P cli (1) = 1. With (11) and (15), the transfer function from i L2r to u C2 yields to
where H si is the pre-filter to cancel the well damped zeros of G d2i2 . From (17) follows, that the desired characteristic of the current control influences the voltage dynamic u C2 . Especially the pre-filter H si has an influence of the dynamic of G i2uc2 . H si is neglected, if the zeros of G d2i2 are not canceled or the canceled zeros are smaller than the dominant poles of P cli . The closed loop of the voltage control yields to
where T u compensates the DC gain of the closed loop to one. The choice of the control parameters can further be specified by the output sensitivity function SF q −1 and the complementary output sensitivity function T F q −1 of the feedback-control [14] . Especially the sensitivity function T F of the current controller is selected to damp high frequencies of the reference signals. The charging of the battery should be smooth and further, a fast changing of the current has a feedback on input current i L1 and the middle voltage u C2 . A very quick change of the current amplitude could pull down the voltage u C2 . As a result, the current i L1 flows directly via S 2 and S 3 into the battery.
IV. SELF-TUNING CONTROL OF THE CURRENT-LOOP
The control for the boost-buck converter must be stable and the controller needs to be designed in such a way, that the stability is not affected by any variations of the internal resistor, the voltages on the TEG or hardware parameter. Fig. 7 shows the poles and zeros of the plants G d2i2 and G d2u2 , whereas the characteristic polynomial A is the same for both. The analysis of the poles and zeros makes clear that the system is stable for all values of the internal resistor. In the range of 0 − 0.4 Ω the dominant pole of G d2i2 is well damped. At higher values, the dominant poles are defined by an undamped pole pair. In contrast, the zeros of the plant tend to value one and become dominant. On the one hand, these zeros are cancelled by the filter H si , which also influences the control plant from G i2uc2 . On the other hand, the zeros of G i2uc2 are well damped and can be neglected. Because of the variations of the internal resistor, the design of the controller is difficult. In contrast to this concept, an online system identification can estimate the model parameters. With the identification of the plant dynamic, the controller can re-design to ensure the desired closed loop dynamic 
between the measured signal i L2 of the real system and the predictedî L2 as a quality criterion. It should be noticed, that the tilde symbol is neglected in the following. The goal of the identification algorithm (ID) is to find the plant parameters, which minimize the predicted error. The difficulty in a close loop identification is the correlation between the control signal d 2 and output signal i L2 [15] . The idea of the closed loop output error algorithm is, that the closed loop is considered to be an open loop, with knowing the controller filters. Hence, the regressors of the predictor error will be re-written [16] . The output of the plane (10) is given by
where d 2 (k) is the plant input and p(k) is the disturbance noise (see Fig. 8 ), and also
The predictor of the closed loop is described bŷ
where "ˆ" symbols the predictor values and parameters. With (24 -30) can (20) be re-written to
With the assumption that the disturbance p(k) is white and not correlated withΦ the recursive least square (RLS) algorithm can be used
where L(k) is the adaption gain, P (k) the covariance matrix and λ the forgetting factor [17] . The prediction can be validated with the correlation test about N sample values [14] . The whiteness can be tested with the auto-correlation of the predictor error. The whiteness implies that the estimated parameters are unbiased and that they are uncorrelated with the disturbance. The confidence test is defined as
where τ implies the confidence interval.
V. EXPERIMENT
In Section III-B and IV the control structure and the algorithm for a self-tuning controller are presented. To verify the theoretical aspects, an experimental device is used to test the algorithm. The TEG is simulated with a constant voltage source and an internal resistor. The load is a 12.5 V 72 Ah lead acid battery. The converter is controlled by a MicroAutoBox II 1401/1511/1512, with a sampling frequency of 10 kHz. The converter is designed for a maximum current ripple of 15% and voltage ripple of 8%. The parameters of the experimental boost-buck converter are presented in Table I . The equivalent series resistance are from the data sheets of the semiconductors. The design of the pole placement from the current controller is based on the assumption, that the TEG has u teg = 20 V and an internal resistor r teg = 0.3 Ω. The desired closed loop polynomial has two poles at 0.76. For the experiment, the internal resistor is changed to 1.9 Ω. For the self-tuning controller, the voltage feedback controller is open and a square-wave signal with a peak magnitude of 10% of the last reference signal i L2r from the voltage controller is used. The RLS is initialised with n a = 3, n b = 1 and λ = 0.998. Fig. (9) shows the evolution of parameter estimation from the RLS. After 60 iterations, the parameters convert to a steady state. The algorithm starts at each 40th iterations-steps a model verification. The verification uses the correlation analysis (35). The confidence interval is 95%, it follows that |RN | < 0.196, by 100 samples with τ = 1.96 [14] . The confidence criterium between the error and the output prediction is |RN εi L2 | < 0.065 and the residual prediction error is |RN εε | < 0.151. This statistical test implies, that the identification is successful. Based on these values, the control parameters are re-designed (see Fig. 10 ). The proposed closed loop identification is successful for the presented experiment. For this application, the order of n a and n b is pre-specified. The problem is, that the zeros of the plant can be complex if the internal resistor of the TEG changes. In this case, the algorithm must be extended with order variation of n b . Further, if the dominant zeros should be canceled with a filter from the current controller, the voltage closed loop must be re-designed as well. In this experiment, the designed poles are dominant against the zeros and canceling of the zeros is not necessary. The control design based on the SSA-models, with a maximum bandwidth of f s /2. The proposed application using lowpass filters, with a cut off frequency of 1 kHz. Thus, highfrequency influences are damped, so as comply with validity of the SSA model.
VI. CONCLUSIONS
A digital control of a boost-buck converter for a TEG is presented. The converter can be modeled and analysed with the SSA. The control of the converter includes a MPPT, whose function it is to adapt the maximum power point of the TEG. Further, a cascade controller regulates the voltage between the two converters, and a subsidiary current controller regulates the charge current of the battery. The control design is based on a two-degrees-of-freedom controller, whose parameter are well defined for a TEG, with the assumption of a steady temperature. Variations of the temperature influence the voltage and especially the resistor of the TEG, which also affects the dynamic of the control plant. A method to compensate this influence, is a selftuning controller which is uses a closed loop identification to estimate the parameter of the plant. In the experiments a RLS algorithm was used to estimate the zeros and poles of the control plant. The online re-design of the control parameters could ensure the desired closed loop dynamic of the current controller.
VII. OUTLOOK
The next step will be to implement a charging voltage control loop. Additional the self-tuning algorithm will be extended with an adaptive model order, which also detect control plants with not well damped zeros. Finally, the filter polynomial H si of the voltage control must be updated, if the zeros of the current control plant should be canceled. APPENDIX r ds1 = r ds2 = r ds3 = r ds4 (36)
α 2 = r teg L 1 (r C1 + r teg ) (38)
α 5 = α 6 = −α 8 = r C1 r C2 + r teg r C2 L 1 (r C1 + r teg ) (41)
β 1 = β 2 r teg = −β 3 = − 1 C 1 (r C1 + r teg ) (43) 
